###### HIGHLIGHTS

Weine type IV/ Vertucci type V was the most common canal configuration.The prevalence of MB2 is influenced by the author's definition.The anatomical complexity of the MB root canal could not be entirely classified.

INTRODUCTION {#sec1-1}
============

Failure of the endodontic therapy is related to bacterial persistence through areas unaffected by instruments and antimicrobial substances, including not only untouched walls of the main canal but also lateral canals and apical ramifications ([@ref1], [@ref2]). In this sense, the study of the internal anatomy is strongly emphasized in Endodontics and the accurate knowledge of the canal morphology and its common variations are considered an essential requirement to achieve success in the endodontic treatment ([@ref3]--[@ref5]).

Due to a significant prevalence of additional canals found and a large number of variations in its morphology, the endodontic treatment of the mesiobuccal (MB) root of the first maxillary molar is considered one of the biggest challenges to clinicians ([@ref6]). It has generated a large number of investigations and clinical reports compared to other dental roots ([@ref6], [@ref7]). Previous studies have shown a big discrepancy in the literature regarding the prevalence of a second mesiobuccal canal (MB2) in this root not only between studies using different techniques but even in those using the same methodology ([@ref7]--[@ref9]). These findings could be explained by demographic and ethnic factors ([@ref10]), methodological limitations and also because of the authors' definition of what constitutes a canal ([@ref7]).

The presence of the MB2 can be investigated regardless of the definition used as MB2 canal with the interrelation analysis of 2D and 3D images provided by micro-CT technology. As a non-destructive, reproducible and high-reliable methodology, micro-CT is considered the gold standard technique for in vitro studies of the root canal anatomy due to the high level of details achieved ([@ref11]--[@ref16]). Moreover, the different anatomies can be grouped by the clinical classification of Weine et al. ([@ref3]) and by a more appropriate classification for in vitro studies developed by Vertucci ([@ref4]) [Table 1](#T1){ref-type="table"} ([@ref7]). At the same time, due to its micrometrical scale, it enables us to examine small complexities of the root canal system as accessory canals, the apical third, and also to analyze the internal morphology in bi-dimensional and three-dimensional (3D) models ([@ref12], [@ref13]).

###### 

Summarized explanation of Weine et al. ([@ref3]) and Vertucci ([@ref4]) classifications

            Weine et al. (1969)   Vertucci (1984)   Morphologies description
  --------- --------------------- ----------------- --------------------------------------------------------------------------------
  1-1       Type I                Type I            A single canal with one foramen
  2-1       Type II               Type II           Two canals that join in the apical third
  1-2-1     \-                    Type III          One canal that divides into two that subsequently reunite and exits as one
  2-2       Type III              Type VI           Two separate canals all the way to the apex
  1-2       Type IV               Type V            One canal that divides just short of the apex
  2-1-2     \-                    Type VI           Two canals that unite in the root and then divides again at the apex
  1-2-1-2   \-                    Type VII          One canal that divides, reunites and finally exits through two apical foramina
  3-3       \-                    Type VIII         Three separate canals in one root

In the anthropological field, several studies investigating the morphologies of teeth following Weine's and Vertucci's classifications suggested that populations from different geographic regions and ethnic backgrounds may present differences in root canal configurations ([@ref11], [@ref13], [@ref17], [@ref18]). However, these studies were mainly based on Caucasian, Asian, Indian or Mexican sub-populations. This knowledge cannot be applicable in a heterogeneous society, such as the Brazilian one, which has genetic contributions from the four main continental groups: Europeans, Africans, Asians, and Native South-Americans ([@ref19]). To our concern, this is the first study in the literature using a micro-CT approach to evaluate the most prevalent canal configuration in the maxillary first molar mesiobuccal (MB) roots in a Brazilian sub-population following Weine's and Vertucci's classification systems.

Therefore, this study aimed to analyze the internal morphology of the mesiobuccal root of the maxillary first molars from 96 Brazilian individuals by quantifying the number of orifices at the pulp chamber level and the prevalence of the MB2 canal. The number of accessory canals in different thirds of the roots and the number and type of apical foramen were also determined. The most common canal configuration from a Brazilian population was established according to the classifications conceived by Weine et al. ([@ref3]) and Vertucci ([@ref4]).

MATERIALS AND METHODS {#sec1-2}
=====================

Specimen selection and preparation {#sec2-1}
----------------------------------

Ninety-six healthy maxillary first molars were extracted from Brazilian subjects for reasons unrelated to the current study. Approval for the study protocol (n 347.074) was obtained from the ethical committee of the University. The patient gender and age were unknown. Only intact teeth with mature apices were selected, and any attached soft tissue and calculus was removed using ultrasonic scaler and sodium hypochlorite before the experiment.

Micro-CT scanning and 3D reconstruction {#sec2-2}
---------------------------------------

The specimens were scanned by a micro-CT system (Skyscan 1173; Bruker Co., Kontich, Belgium), using 70kV, 114 mA, 360° rotation with a step of 0.3°, a pixel size of 14.87 µm and aluminum filter (1.0 mm of thickness). The average scanning time was 30 minutes per sample. These settings provided a spatial resolution of 21.39 µm.

Images were reconstructed by the dedicated NRecon software v.1.6.9.4 (Bruker Co., Kontich, Belgium) and InstaRecon® v.1.3.9.2 (IR-CBR Server, University of Illinois Research Park, Illinois, EUA).

Analysis of the root canal morphology {#sec2-3}
-------------------------------------

CTAn v.1.14.4.1, Dataviewer, and CTVox software (Bruker Co., Kontich, Belgium) were used for 3D evaluation of internal anatomy. The volume of interest (VOI) was defined as from the first axial slice that showed the separation between the mesiobuccal and distobuccal canals, until the first slice after the MB root apex. We used the 'ROI shrink-wrap' tool in CTAn to define the region of interest (ROI) of each slice, and it resulted in the whole volume of the MB root. We applied an automatic thresholding method (Otsu 2D, Bruker Co., Kontich, Belgium) for segmenting the root canal system from the dentin.

Three experienced endodontists evaluated the root canal systems independently using 3D rendered volume and the full axial slices dataset. If disagreement occurred, it was solved by discussion until a consensus was reached. The following observations were recorded: (a) the number of root canal orifices in the pulp chamber; (b) the number of accessory canals in the different thirds; (c) qualification and quantification of apical foramen; (d) the number of root canals; (e) categorization of the root canal system according to the classification proposed by Weine et al. ([@ref3]) and Vertucci ([@ref4]) [Figure 1](#F1){ref-type="fig"}.

![Classification of the root canal system according to Weine et al. ([@ref3]) and Vertucci ([@ref4]). (a) Configuration classified as Weine/Vertucci type I. (b) Weine/Vertucci type II. (c) Vertucci type III. (d) Weine type III/Vertucci type IV. (e) Weine type IV/Vertucci type V. (f) Vertucci type VI. (g) Vertucci type VII. (h) Vertucci type VIII](EEJ-5-105-g001){#F1}

Accessory canals were defined as any branch of a root canal that communicates with the outer surface, and they were quantified in the different root thirds following Vertucci's classification ([@ref5]). Apical foramen was defined as a circular or oval orifice which marks the end of the canal at the external surface ([@ref5]). Moreover, apical deltas were defined as a complex of branches located near the apex, where the main canal could not be distinguishable from the others ([@ref5]). Finally, the reticular canals were defined as the result of three or more parallel canals in the apical third connected by inter-canals ([@ref20]).

RESULTS {#sec1-3}
=======

Number of orifices in the pulp chamber {#sec2-4}
--------------------------------------

The number of entrance orifices found at the pulp chamber level was as follows: 53.0% (n=51) of the samples had a single entrance orifice, 43.9 % (n=42) had two orifices, and 3.1% (n=3) of the teeth had three orifices ([Table 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}).

###### 

Number of orifices in the pulp chamber related to Weine et al. classification ([@ref3])

  Number of orifices   Weine et al. classification type   Non- classifiable                   
  -------------------- ---------------------------------- ------------------- ------- ------- -------
  1-(53.0%)            12.5%                              \-                  \-      20.8%   19.8%
  2-(43.9%)            \-                                 11.6%               10.4%   \-      21.9%
  3-(3.1%)             \-                                 \-                  \-      \-      3.1%
  Total                12.5%                              11.6%               20.8%   10.4%   44.8%
                                                          55.3%                               

###### 

Number of orifices in the pulp chamber related to Vertucci's classification ([@ref4])

  Number of Orificies   Vertucci's classification type   Non- classifiable                                               
  --------------------- -------------------------------- ------------------- ------ ------- ------- ------ ------ ------ -------
  1-(53.0%)             12.5%                            \-                  5.2%   \-      20.8%   \-     6.2%   \-     8.3%
  2-(43.9%)             \-                               11.6%               \-     10.4%   \-      9.4%   \-     \-     12.5%
  3-(3.1%)              \-                               \-                  \-     \-      \-      \-     \-     0.0%   3.1%
  Total                 12.5%                            11.6%               5.2%   10.4%   20.8%   9.4%   6.2%   0.0%   23.9%
                                                                                    76.1%                                

Canal type {#sec2-5}
----------

The results of the different types of root canal configurations obtained can be seen in Tables [2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}. Most of the samples were classified as Weine IV/Vertucci type V (20.8%), followed by Weine/Vertucci type I (12.5%) and Weine/Vertucci type II (11.6%). Some of the teeth which could not be classified can be visualized in [Figure 2](#F2){ref-type="fig"}.

![(a-p) Examples of roots that do not meet the classifications proposed by Weine et al. ([@ref3]) and Vertucci ([@ref4])](EEJ-5-105-g002){#F2}

Number of accessory canals {#sec2-6}
--------------------------

In 47.9% of the teeth an accessory canal was present (46 in 96). The apical third presented the highest percentage of accessory canals: 76.0% (57/75) in 32 samples. The middle third showed 16.0% (12/75) accessory canals in 8 specimens, with a single sample presenting three accessory canals in this third. The cervical third was the one with the smallest number of accessory canals (8.0%; 6/75) accessory canals in 6 different samples.

Number of apical foramina and configuration {#sec2-7}
-------------------------------------------

Multiple apical foramina were found in 83.3% (n=80) of the roots. A single apical foramen was found in 16.7% (n=16), and two apical foramina were found in 22.9% (n=22) of the roots ([Table 4](#T4){ref-type="table"}). Fourteen samples (14.6%) showed apical delta (Figs. [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). In addition to this, four (4.7%) of the specimens showed reticular canals ([Fig. 5](#F5){ref-type="fig"}).

###### 

Number of specimens and incidence of apical foramina

  ---------------------------------- ------- ------- ------- ------- ------ ------ ------ ------ ------ ------
  Nr. of foramina                    1       2       3       4       5      6      7      8      9      10
  Specimens (n)                      16      22      27      17      6      3      2      2      0      1
  Incidence                          16.7%   22.9%   28.1%   17.7%   6.3%   3.1%   2.1%   2.1%   0.0%   1.0%
  More than 2 foramina: 58 (60.4%)                                                                      
  ---------------------------------- ------- ------- ------- ------- ------ ------ ------ ------ ------ ------

![Different morphologies classified as apical deltas (a-f). The main canal cannot be differentiated from the accessory canals](EEJ-5-105-g003){#F3}

![The most complex apical configuration visualized in this study classified as an apical delta. Up to ten different apical foramina can be observed](EEJ-5-105-g004){#F4}

![Reticular canals. (a, b) Relationship between the internal and external morphologies. (c) Internal anatomy as a 3D model](EEJ-5-105-g005){#F5}

DISCUSSION {#sec1-4}
==========

Most authors of clinical studies acknowledge the presence of the MB2 canal if an independent orifice was found on the floor of the pulp chamber ([@ref21], [@ref22]), not mentioning if the canal remained separate from the MB canal after instrumentation. Stropko ([@ref23]) considered the MB2 as a separate canal if it was possible to instrument it to a depth of 3 to 4 mm after troughing. Wolcott et al. ([@ref24]) included the MB2 as an extra canal if it was obturated apart from the MB canal or within 5 mm from the apex when it joined the MB. Some authors considered the existence of MB2 canal if two instruments could be placed simultaneously in the MB root to a minimum depth of 16 mm from the cusp of an entire tooth ([@ref25]). Other methods to count the main canals of a given root is to quantify the presence of an MB2 in different root levels using micro-CT, CBCT, decalcification, 2D radiography, and sectioning ([@ref8], [@ref11]--[@ref13], [@ref26]--[@ref28]). However, other authors failed to provide a clear definition of what they considered a canal in their reported data ([@ref7]).

The present study showed a prevalence of 46.9% of MB2 orifices at the pulp chamber level, while 87.5% of the specimens presented two, three, or four canals at some portion of the root. These results are not in agreement with the common knowledge that implies that the observation of the pulp chamber floor could offer indications of the internal configuration ([@ref4], [@ref29]). Furthermore, our results suggest that the number of orifices at the pulp chamber level might not be a good predictor of the presence of the MB2.

The identification of multiple canals with micro-CT technology does not necessarily mean that they will be clinically accessible ([@ref26], [@ref30]) ([Fig. 2](#F2){ref-type="fig"}), but it can explain the high rate of treatment failure of the MB root ([@ref3]). Even with no report in this study about the occurrence of "dead-end" canals ([@ref7], [@ref23], [@ref31]), or calcified segments ([@ref21]), some samples showed constrictions, bends and pronounced curvatures that could preclude exploration with current endodontic instruments due to physical limitations ([@ref23]). These MB2 canals that can only be cleaned by chemical substances are related to post-treatment apical periodontitis caused by persistent bacteria located on un-instrumented canal walls or in areas such as accessory canals and apical ramifications ([@ref1]).

In this sense, our results report a higher frequency of accessory canals at the apical third where only 16.7% of the MB roots showed one and 22.9% two foramina. These results suggest that 60.4% of the apical foramina where these canals flow into would also be cleaned only by chemical substances ([Fig. 6](#F6){ref-type="fig"}). The high prevalence of accessory canals in the apical region is in agreement with previous studies and confirms that the number of accessory canals increased in the coronal-apical direction ([@ref12], [@ref17], [@ref30]). These apical complexities could also explain why most post-treatment apical periodontitis are caused by bacteria located in the apical root canal system ([@ref1], [@ref2]).

![Relationship between the internal and external morphologies. a-b A representative sample with 6 apical foramina (white arrows). (a) External surface of the root. (b) The canals (in red) in relationship with the translucent external morphology. (c, d) A representative sample with 3 apical foramina (white arrows). (c) External surface of the root. (d) Root canals (in red) in relationship with the translucent external morphology](EEJ-5-105-g006){#F6}

Another relevant finding of this present study is concerning the anthropological aspect of the most common configurations found in this population. Studies with uniparental markers demonstrate that the genomes of most Brazilians are mosaic, having elevated levels of genetic admixture between European, Amerindian, and Africans. This high ancestral variability suggests that each Brazilian has a singular and quite individual genome ([@ref19]). Considering Weine and Vertucci classifications, our study found that the majority of specimens were classified as Weine IV/Vertucci type V (20.8%), followed by Weine/Vertucci type I (12.5%) and Weine/Vertucci type II (11.6%). Using CBCT, de Freitas et al. ([@ref28]) found type I (25.7%) and type V (17.1%) the first and second most prevalent in Vertucci's classification. Ethnic characteristics are observed by comparing these results with findings of micro-CT studies in East and South Asian, Korean, Indian, and Mexican populations, with a prevalence of Weine type III/Vertucci type IV configuration, which seems to be a typical Mongoloid trait ([@ref11], [@ref30]). In a Caucasian population study, Weine/Vertucci type II was the most prevalent ([@ref4], [@ref12]), the same for an Iranian sub-population ([@ref27]).

Particular attention should be given to 44.8% and 23.9% of the samples that do not meet the classifications proposed by Weine et al. ([@ref3]) and Vertucci ([@ref4]), respectively [Figure 2](#F2){ref-type="fig"}. These specimens were allocated in 16 different types. This proportion of non-classified samples is corroborated by other micro-CT studies, like the study of Verma & Love ([@ref6]), where 40.0 % of the samples could not be classified by Weine's and 30.0 % by Vertucci's classifications. Gu et al. ([@ref32]) observed that 38.6 % of the samples could be sortable by Weine et al. ([@ref3]) and 16.9% by Vertucci ([@ref4]) classification. In a Korean population, Kim et al. ([@ref30]) found 29.2% and 17.7% non-classifiable samples by the classifications Weine et al. ([@ref3]) and Vertucci ([@ref4]), respectively. Thus, the results of this study, in addition to studies with a similar methodology, support the claim that Weine et al. ([@ref3]) and Vertucci ([@ref4]) ratings do not adequately reflect the configurations of MB root of maxillary molars presented in such detail by micro-CT methodology.

Micro-CT and CBCT offer the same characteristic by evaluating the presence of the MB2 canal in different thirds of the root but for laboratory and clinical studies respectively. Comparing our results of 87.5% of MB2 presence with CBCT in the same Brazilian population, Reis et al. (2013) ([@ref33]) found 86.1% and 91.0% on the right and left side respectively while Filho et al. (2009) ([@ref26]) found 37.0% of MB2. The use of different CBCT protocols, as well as the higher resolution of Micro-CT, could explain these results. The presence of isthmus and flattened canals complicates the interpretation of CBCT images making it more difficult to reach a consensus on canals identification ([@ref28]). The CBCT protocols that are more suitable for clinically locate MB2 canals showed 80% of concordance with micro-CT even with the image resolution limitation ([@ref28]). Consequently, CBCT could be used as a valuable auxiliary diagnostic tool for routine clinical practice.

Limitations of the present study might be that the patients' age and gender and the location of the tooth at the time of the extraction were unknown. Unfortunately, the inclusion of these parameters were not possible and they could also explain the discrepancies observed ([@ref18]). As Brazil is a continental country with diverse and mixed genotypic origins ([@ref19]), future research should focus on comparing the different root canal morphologies among different ethnic groups in Brazilian sub-populations from different geographical locations.

CONCLUSION {#sec1-5}
==========

In conclusion, this study suggests that the number of orifices in the pulp chamber might not be a reliable indicator of the presence of a second mesiobuccal canal and confirms the influence of the author's definition on the prevalence of MB2 canals. The most prevalent type in this Brazilian population was Weine type IV/Vertucci type V, and accessory canals were higher detected at the apical third, followed by the middle and cervical thirds of the root respectively. Weine's ([@ref3]) and Vertucci's ([@ref4]) classifications do not adequately reflect the configurations of the mesiobuccal root of maxillary molars as presented in such detail by micro-CT methodology.
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